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The transport processes that underly the reabsorp-
tion of bicarbonate and the excretion of acid by the
kidney have long been of interest to renal
physiologists. Working models of the cellular mecha-
nisms of transport were based on the transport func-
tions of the sum of all segments of all nephrons, and
remained useful for many years because of their sim-
plicity.
Several mechanisms for tubular acidification have
been proposed on the basis of such studies. They
involve either secretion of H ions or reabsorption of
butler anions. The classical work of Pitts and Alexan-
der [1] showed that reabsorption of filtered alkaline
phosphate alone could not account for urinary acidi-
fication and provided one of the first indications of
H ion secretion by tubular cells. The origin of the
secreted H ions has been ascribed to CO2 hydration
in the tubular cell or to water splitting by a redox
pump located at the luminal membrane with sub-
sequent neutralization of the OH ion in the cell by
CO2 [2, 3].
On the other hand, it was recognized that bicarbo-
nate reabsorption could be due either to H secretion
or to reabsorption of HCO as such [2, 3]. It was
also suggested that H secretion would be difficult to
distinguish from a sequence of events in which CO2
diffuses into the lumen and becomes hydrated, and in
which only the HCO3 species of the hydrated pair is
reabsorbed [4, 5].
With the advent of new techniques for the study of
individual tubule segments in vivo, it is now becoming
feasible to explore the transport processes under con-
ditions in which the individual forces and flows can
be estimated and monitored. The ideal of controlling
the electrochemical forces on both sides of the epithe-
hal cell layer has been approached more closely in
© 1976, by the international Society of Nephrology.
Published by Springer-Verlag New York
172
vitro, in sheet preparations of certain urinary blad-
ders mounted in Lucite chambers.
As a result of these developments, some of the
described working hypotheses have been tested and
many observations have been made that require a
new framework of interpretation.
What is the origin of the so-called "disequilibrium
pH" which is present in the distal tubule under or-
dinary conditions and in the proximal tubule during
carbonic anhydrase inhibition? Is it caused by a dis-
equilibrium concentration of carbonic acid or an ele-
vated Pco2 of the tubular fluid? If CO2 is formed in
the tubular fluid from the reaction between secreted
1-It and filtered HCO3, large quantities of CO2 will
be formed, the diffusion of which could well be de-
layed as a function of the permeability of the tubular
cells. Another important question is the regulation of
acidification in metabolic and respiratory acid-base
disorders. What are the major factors controlling the
net rate of acidification'? Although it is impossible to
examine the effects of ambient pH, Pco2 and HCO
separately, a number of interesting studies have been
undertaken in the tubule and in the turtle bladder. It
appears that the results are influenced primarily by
differences in the passive permeability of these struc-
tures. The distal tubule, collecting duct and turtle
bladder are considerably tighter epithehia than the
proximal tubule.
Among the subjects reviewed in this paper are the
nature of the transported ion species in acidification,
the question of whether or not H secretion is
coupled directly to the transport of Na and other
electrolytes, the behavior of active and passive com-
ponents of transport during acidification against an
electrochemical gradient and the factors that are rate
determining for each of the transport rates. After
an exploration of these questions in an epithelial
membrane that is capable of urinary acidification in
vitro, we shall examine the transport processes of
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acidification in kidney tubules by microelectrode and
microperfusion techniques. Despite differences be-
tween these urinary structures, it is evident that some
of the general principles that have been forthcoming
from recent studies may ultimately simplify our un-
derstanding of the transport processes of urinary
acidification.
Studies of urinary acidification in vitro'
a. The transported ion species in acidification by
turtle urinary bladder. Several lines of evidence will be
presented below indicating that much of the reab-
sorption of HCO3 as well as the process of titratable
acid and ammonium excretion by the kidney occur by
a mechanism of H secretion by the epithelial cells. It
is difficult, however, to obtain rigorous evidence that
H is the only transported ion involved in the process
of acidification. The distinction between H transport
into and HCO transport out of the urinary com-
partment has been based on an examination of the
effects of the transport process on CO2 tension or on
the occurrence of a disequilibrium pH (see section on
CO2 equilibration kinetics). Even under the most
simplified conditions there remain a number of inher-
ent difficulties in these approaches. Schilb and
Brodsky [6, 7]; Green, Steinmetz and Frazier [8], and
Schwartz et al [9] explored the effects of the
transported ion on the CO2 tension of the luminal
solution of a sac preparation of turtle urinary blad-
der. In bladder sacs containing HCO3 Ringer's, the
Pco2 of the luminal solution should be a function of
the transported ion in acidification. The equilibrium
relationship of the constituents
CO2 + H20 H2C03 H + HCO (1)
will be altered in opposite directions by H secretion
and HCO3 absorption. H secretion will move the
reaction to the left and elevate the sac Pco2, whereas
HCO3 absorption will move the reaction to the right
and lower the sac Pco2.
This approach was used by Schilb and Brodsky [6,
7], who calculated Pco2 differences across the bladder
wall from measurements of pH and total CO2 in the
inside and outside solutions. Green et al [8] measured
the Pco2 gradient more directly by means of a Pco2
electrode mounted within the sac by recording the
electrode output before and after removal of the sac
from the electrode.
This approach, however, had several shortcomings
that were not apparent in the initial studies [9]. First
of all, the sac Pco2 is affected by the production of
metabolic CO2. The lower the Pco2 of the serosal
1 P. R. Steinmetz.
bulk solution is set, the more important the
contribution of metabolic CO2 becomes for the
gradient across the bladder wall. Secondly, the buffer
poise of the mucosal HCO—CO2 system affects the
extent to which mucosal Pco2 can be lowered by
HCO3 absorption. At a mucosal pH of 7.4, it would
take absorption of about 20 molecules of HCO to
cause hydration of 1 molecule of free C02, a change
that might escape detection. For H secretion, on the
other hand, mucosal HCO is converted to CO2 on a
one-for-one basis. To test for HCO3 transport, there-
fore, the mucosal pH should be lowered to obtain a
favorable buffer poise. This maneuver by itself, how-
ever, introduces a third variable. Steinmetz and Law-
son [10] have shown that the rate of active transport
in acidification decreases markedly when acidifica-
tion takes place against a concentration gradient and
reaches zero at some pH near 4.4.
In addition to these variables that complicate the
physiologic analysis, there are two practical problems
that pertain to the calculation of free CO2 in the
experiments in which the free CO2 was calculated
from pH and total CO2 content. At a buffer poise
favorable for the demonstration of HCO transport,
the calculated free CO2 is very much influenced by the
selection of the proper pK. In one study [6] the
reported decreases in sac Pco2 were the results of the
selection of a pK value for a CO2—HCO system in
water rather than an aqueous solution of NaC1. At
the buffer poise that would permit demonstration of
HCO3 transport, the luminal pH must be low, and
this requirement in turn increases the chance for CO2
loss from the luminal sample if the Pco2 is calculated
from the determination of total CO2. In the study by
Schilb and Brodsky [6, 7], more than 60% of the CO2
was in the volatile form in the acid luminal samples
whereas the bulk of the CO2 in the serosal samples
was in the nonvolatile form.
Although measurements with the Pco2 electrode
are subject to other limitations, such as drift and
diminished accuracy of the absolute values obtained,
they have the advantage of not being dependent on
an assumed pK and of permitting the accurate meas-
urement of differences in CO2 tension providing com-
parisons are made over a short time interval.
In the recent study by Schwartz et al [9], an at-
tempt was made to consider both the theoretical and
technical factors. By means of the Pco2 electrode, the
Pco2 between the inside of the sac and the serosal
solution in which the sac was suspended was meas-
ured over a short time period. A buffer poise favor-
able for the demonstration of HCO absorption
was used. A separate estimate was made of the
contribution of metabolic CO2 to the sac Pco2 by
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measuring sac Pco2 in the absence of exogenous CO2.
The occurrence of net acid secretion was assured by
requiring a lowering of sac pH during the incubation
period. They demonstrated in a series of eight experi-
ments in which the luminal pt-I was lowered by 0.92
0.13 U that the luminal Pco2 was 9.4 + 2.1 mm Hg
higher than the serosal Pco2. This Pco2 elevation was
far in excess of that attributable to metabolic CO2
alone (metabolic Pco2 < 2 mm Hg). These studies
indicate that the process of acidification caused the
addition of H to the luminal solution rather than the
removal of HCO.
A second line of evidence that the transported ion
in acidification is H comes from studies by Stein-
metz [11] and Schwartz et al [9] in turtle bladders
mounted in Ussing chambers in solutions free of
exogenous CO2 and HCO. The occurrence of acidi-
fication in an open system free of exogenous HCO
suggests that HCO is not the transported ion in
acidification. Such evidence, however, is not suf-
ficient to exclude HCO3 transport. It is possible that
enough CO2 formed from metabolism would diffuse
into the luminal compartment to permit formation
of enough HCO to sustain the observed rates
of acidification by a mechanism of transepithelial
HCO transport [12]. According to this model (see
Fig. 1), the metabolically produced CO2 would be
hydroxylated to HCO in either the unstirred fluid
layer adjacent to the luminal membrane or in the
luminal bulk solution. To determine whether this
mechanism could underly the process of acidification
in the absence of exogenous CO2 and HCO,
Schwartz et al [9] measured the rate of production of
metabolic CO2 by a conductometric method. In a
group of six bladders with an average acidification
rate of 1.1 smoles/hr, the total rate of CO2
production was 2.4 pmoles. In the steady state with
the pH and Pco2 of the bulk solutions constant, 1.6
jimoles of the CO2 appeared in the serosal gas phase
and only 0.8 smoles appeared in the luminal gas
phase. This distribution of CO2 by itself is consistent
with either a mechanism of H secretion or of
transepithelial HCO3 transport. To explore the
mechanism, two additional sets of experiments were
carried out. First, it was shown that a poorly diffu-
sible carbonic anhydrase inhibitor (CL 11,366) failed
to inhibit acidification when added to the luminal
side of the epithelium whereas it caused more than
50% inhibition on the serosal side. Acidification,
therefore, did not depend on the catalyzed hydro-
xylation of CO2 in the unstirred layer. Other evi-
dence that the unstirred layer does not serve as a
reservoir of HCO formed from metabolic CO2 was
derived from experiments in which the stirring rate of
the luminal solution was altered. An increase in stir-
ring rate, which would reduce the thickness of the
unstirred layer, caused an increase rather than a de-
crease in the rate of acidification [9]. This observed
increase in the rate is best explained by a reduction in
the local H gradient at the surface of the luminal
membrane (see later) and is entirely consistent with a
mechanism of H secretion. The remaining possi-
bility would be that enough metabolic CO2 would be
hydroxylated in the luminal bulk solution by the
uncatalyzed reaction to sustain the necessary rate of
HCO transport. Since the metabolic HCO concen-
trations in the luminal bulk solution average only
0.03 + 0.01 smoles/liter [13, 14], the postulated
HCO3 pump would have to have a very high affinity
for HCO3.
Any mechanism, however, that might be invoked
for transepithelial HCO3 transport requires that the
bulk of the total CO2 formed by the epithelium dif-
fuses initially into the luminal solution. Of the 2.4
pmoles of CO2 formed per hour, 0.8 moles escapes
in the luminal gas phase. To meet the requirements of
the HCO model (see Fig. 1), an additional
1.1 tmoles should diffuse into the luminal com-
partment to generate the HCO needed for trans-
port. According to this model the initial distri-
bution of free CO2 would be asymmetrical, 1.9
pmoles entering the luminal solution and only 0.5
tmoles the serosal solution. If the luminal membrane
were indeed more permeable to CO2, it should be
possible to demonstrate such asymmetry after inhib-
ition of the process of acidification by means of aceta-
zolamide. Schwartz et al [9] showed that the distribu-
O.8j.irnolcs CO2 1.6jinioles CO2
Alucosal solution Cell Serosal solution
Fig. 1. Model of HCO3absorption in the epithelium of turtle blad-
der. Metabolic CO2 formed in the cell must diffuse into the un-
stirred fluid layer (stippled area) adjacent to the mucosal mem-
brane at a rate sufficient to generate HCO3- at the rate of
acidification and also to account for the CO2 entering the mucosal
gas phase. HC03 transported into the serosal solution is con-
verted to CO2 under pH stat conditions. CO2 is rapidly removed
from the bulk solution by bubbling the solutions with C02-free
gas. Rates are expressed as/A moles/hr. Carbonic anhydrase (CA) is
present in the unstirred fluid layer. (From Schwartz et al [91.)
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tion of CO2 in acetazolamide-treated bladder became
virtually symmetrical. Hence, the diffusion of free
CO2 into the luminal solution is insufficient to ac-
count for the rate of acidification in terms of the
HCO3 model. Figure 2 shows the production and
distribution of CO2 based on the data given above
and the model for H secretion which is consistent
with all the data. Carbonic anhydrase is present in the
cytoplasm but is not available to the luminal solu-
tion. OH generated behind the H pump reacts with
metabolic CO2. The HCO3 so formed moves pas-
sively across the basal cell membrane into the serosal
solution.
This analysis of the distribution of metabolic CO2
in the open system, from which exogenous CO2 is
absent, provides strong evidence indicating that H is
the transported ion in acidification and supports the
results obtained in the closed sac preparation of turtle
bladder. In the renal tubule no information is avail-
able on the distribution of metabolic C02, but the
occurrence of either a disequilibrium carbonic acid
concentration or an elevated Pco2 would indicate
that H secretion plays a major role in acidification
(see Renal tubular mechanisms of acidification, sec-
tions b and d).
b. Absence of direct coupling between the transport
of H and that of other electrolytes. Since H is the
transported ion in urinary acidification by the iso-
lated turtle bladder, we will refer to the process as H
secretion. It should be stated that H secretion can-
not be distinguished from 0H absorption or from a
dissociation of H and 0H at the cell membrane.
After nullification of the spontaneous potential dif-
ference (PD), the turtle bladder can still generate a
O.8grnoles CO2
HCO3
Cd.011
Metabolic C07—
2.4 O.gmoles/hr
ccii
I .6pmoles CO2
Fig. 2. Model for H secretion in epithelium of turtle bladder. The
OH- generated behmd the H pump located at the mucosal sur-
face is buffered by carbonic anhydrase (CA) catalyzed hydrox-
ylation of metabolic CO2. HCO3 formed moves passively into the
serosal solution where it is converted into CO2 under pH stat
conditions. CO2 is rapidly removed from the bulk solutions by
bubbling the solutions with CO2-free gas. Rates are expressed
as pmoles/hr. (From Schwartz et al [9].)
pH gradient of at least 3 U. H secretion, therefore,
must either represent active transport or must be
coupled to the transport of another ion, such as Nat,
that is actively transported. Studies by Steinmetz,
Omachi and Frazier [15] and Schwartz and Steinmetz
[16] showed that the secretion of H in this urinary
membrane is not directly dependent on the presence
of either sodium or chloride in the bathing solutions.
In the strict absence of exogenous C02, however,
complete inhibition of sodium transport did cause a
reduction in H secretion. This reduction proved to
be a function of reduced metabolic CO2 production.
In the presence of 1% exogenous CO2 in the serosal
gas phase, inhibition of sodium transport by ouabain
had no effect on the rate of H secretion, as is shown
in Table 1.
In these experiments the PD reversed once sodium
transport was abolished by ouabain so that the lumen
became positive with respect to the serosal solution.
The short-circuit current required to nullify this re-
versed PD was approximately the same as the charge
equivalent of the rate of acid secretion measured
simultaneously by pH stat titration. This result is
consistent with a process of electrogenic H trans-
port. Several other lines of evidence indicate that the
secretion of H takes place with a transfer of positive
charge rather than by an electroneutral mechanism.
H secretion is not directly dependent on ambient
Cl- or on luminal K or Cail [15]. The rate of H
secretion is altered when an external electrochem-
ical gradient is applied across the bladder. The
spontaneous PD generated by sodium transport
causes the lumen to be negative and increases the rate
of H secretion over that observed in the short-cir-
cuited state. At an average PD of 30 my, Steinmetz
[11] observed an increase of about 20% in the rate of
acidification. In this indirect way, then, H secretion
is coupled to Na absorption via an electrical inter-
action. The existence of electrical coupling supports
the evidence that H is translocated across the lu-
minal membrane in the charged form.
The evidence that H secretion is electrogenic and
only indirectly coupled to sodium transport in turtle
bladder is in accord with recent studies by Ludens
and Fanestil [17] in the urinary bladder of the Co-
lombian toad and by Stoner, Burg and Orloff [18] in
the cortical collecting duct of the rabbit. In these
urinary membranes inhibition of sodium transport
also causes a reversal of PD and this reversed PD
appears to be the consequence of a transport process
of acidification. In the proximal tubule Malnic and
Dc Mello-Aires [19] showed that acidification contin-
ues when sodium is replaced by choline in the per-
fusion medium. The electrical characteristics of acidi-
L
Gas
ll.lpmoles H:.
0. 8gm oles
l.lgmc
Mucosal solution
0.5prnoles
Serosal solu tio/1
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Table 1. Failure of ouabain to inhibit H secretion in
the presence of 1% CO2
Ouabain
Current, pAmpsExperiment Control H rate l-l rate __________________
No. pmoles/hr p,noles/hr Measured Predicted
1 1.17 1.14 30 31
2 0.91 0.93 25 25
3 1.48 1.54 41 41
4 0.99 1.07 28 29
5 1.40 1.39 43 37
Ouabain was added in a linal concentration of 10 M to the
serosal solution. Measured current is reversed short-circuit current
and matches transfer of positive charge predicted from the rate of
p1-I stat titration. From Steinmetz [14].
fication in the proximal tubule, however, require
further definition.
c. Behavior of the active component of H transport.
The preparation of the isolated turtle bladder permits
a number of important experimental simplifications
that make it possible to evaluate the active
component of H4 secretion (Jact) during acidification
against an opposing electrochemical gradient. First
of all, it is possible to consider the active and passive
flows of H4 per se by using a system free of
exogenous CO2 and HCO3. In this system the concen-
trations of metabolic HCO3 in the bulk solutions are
so low [13, 14] that they may be ignored. Secondly,
Steinmetz and Lawson [10] have shown that the
turtle bladder has a low passive H4 permeability over
the physiologic range of acidification from pH 7.4 to
4.4. In this respect it differs from the proximal tubule
in which the back leak of H is such that the kinetics
of acidification are best described by a pump-leak
model. Recent studies by Malnic, De Mello Aires and
Cassola [201 suggest that the leak component de-
creases in the distal tubule and collecting duct of the
rat kidney and that these epithelia may resemble the
turtle bladder in this respect.
Taking advantage of these simplifications in the in
vitro preparation, Steinmetz and Lawson [10] studied
the behavior of Jact during H secretion against an
opposing concentration gradient. They observed that
Jact decreased as the luminal H4 concentration in-
creased in short-circuited turtle bladder. Figure 3
shows that the decrease in Jact is linear with the
decrease in mucosal pH and that Jact becomes zero at
a pH near 4.4. If the cellular pH is taken as 7.5 under
these experimental conditions [21], the maximal con-
centration gradient that can be generated by the
pump is somewhat more than 3 pH U or the
equivalent of about 180 my. This gradient provides
an estimate of the force of the H4 pump, or
protonmotive force. Recent studies on the behavior
of J during uphill transport indicate that this force
is affected little by changes in the CO2 tension which
are known to cause large changes in J9 at level
secretion. The slope Of Jact over pH (abscissa of Fig.
3), therefore, is increased by C02, but the minimum
pH that can be generated is not altered [22].
Among the factors controlling Jact, the elec-
trochemical gradient across the active transport
pathway is the most important. This factor accounts
for the well known observation that H4 secretion is
markedly increased when buffers are present in the
luminal solution. The second major factor
determining Jact is the CO2 tension, As will be shown
later (following section), the demonstration of the
enhancement of J by CO2 requires separate consid-
eration of HCO secretion. The CO2 enhancement
of Jact can be shown either by the pH stat method if
CO2 is added at low serosal pH to minimize the
simultaneous addition of HCO3 [161 or from the H4
current in ouabain-treated bladders. This enhance-
ment is most striking when the CO2 tension is in-
creased from low metabolic PCO2 values near 2 mm
Hg to levels near 40 mm Hg.
Other factors that determine Jact are the availability
of carbonic anhydrase and the availability of sub-
strate for cellular metabolism. Recent studies by
Norby et al [23] and Al-Awqati et al [24] indicate
that H5 secretion is stimulated by aldosterone and
that this effect is separate from the stimulation of
sodium transport. It is of great interest that aldo-
sterone and the addition of CO2 and metabolic sub-
strates all increase Jact at level secretion, but not the
protonmotive force of the pump, as judged from the
maximal H4 gradient that can be generated [22, 24].
d. Net rate of acid secretion in the presence of CO2
and HCO. The H4 pump in turtle bladder is located
a.
0
0
+
x
4.4
3act2
— Jpass
3.46.4 5.4
Mucosal p11
Fig. 3. Active and passive components of HT transport during secre-
lion against increasing concentration gradients; J,, (solid line) rep-
resents net rate of H secretion measured by pH stat method; -,J,,,.,,
(shaded area) represents rate of back diffusion; and .J (broken
line) is estimated from J,, and Serosal pH was 7.4 in all
experiments. (Summarized from Steinmetz and Lawson [10].)
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at the luminal membrane and, as discussed above,
active H secretion is markedly affected by the pH of
the luminal solution. In contrast, the pH per se of the
serosal bulk solution has little effect on H secretion.
Schwartz and Steinmetz [16] observed that the rate of
H secretion remained constant when serosal pH was
changed from 5 to 9 by addition of HC1 or NaOH.
The addition of CO2 at constant serosal pH caused a
marked increase in the rate of secretion, whereas the
isohydric addition of HCO3 caused a marked in-
crease in the net rate of acid secretion measured by
the pH stat method. From subsequent studies by
Leslie, Schwartz and Steinmetz [13] and Oliver, Him-
melstein and Steinmetz [25] it has become clear that
this urinary epithelium contains an electroneutral
transport system for HCO3 secretion and that this
system is a major determinant of the net rate of acid
secretion. Figure 4 shows how the serosal addition of
HCO3 during bubbling with CO2-free air causes
HCO3 secretion in the same direction as H secre-
tion. The net rate of acid secretion, therefore, is re-
duced to a value close to zero. When the gas phase is
changed to 5% CO2 in air, H secretion but not
HCO secretion is stimulated. As shown in the lower
panel of Fig. 4, H secretion now exceeds HCO
secretion by 0.9 tmole/hr so that the net effect is
acid secretion. The concentrations of HCO3 and
1.0 pmoles I
HCO3 Cl—
..IILH I I HC031.0 jimoles
CO2 on the serosal side of the membrane exert their
effects on net acid secretion by separate mechanisms'.
HCO3 is transported as such, CO2 stimulates the H
pump and the serosal pH per se has little effect on the
net rate of secretion.
The transport system for HCO3 secretion has sev-
eral interesting characteristics. It is closely coupled to
C1 absorption [13] and is in one way or another
dependent on metabolic energy [25]. The direction of
the Cl-HCO3 exchange cannot be reversed by chang-
ing the external gradients for C1 or HCO. The
transport system has a high affinity for Cl- on the
luminal side of the epithelium and, therefore, could
play an important role in the uphill absorption of this
anion [13].
Although the occurrence of Cl-HCO exchange
transport is well established in a wide variety of non-
urinary epithelia, the importance of such transport
systems for urinary membranes remains to be estab-
lished. Aside from the turtle bladder, there is evi-
dence that the renal tubule of the alligator has the
capacity to secrete HCO3 [26]. A preliminary report
suggests that the Colombian toad bladder may se-
crete HCO3 under conditions of alkalosis [27]. In
the cortical collecting duct of the rabbit, Stoner, Burg
and Orloff [18] observed that a substantial part of
Cl— absorption occurs in an electrically silent form
that would be consistent with C1-HCO3 exchange.
The significance of Cl-HCO3 exchange transport in
urinary epithelia remains to be explored.
Renal tubular mechanisms of acidification2
a. Introduction. The study of acidification mecha-
nisms in the renal tubule has encountered greater
experimental difficulties than in isolated membranes
like the turtle bladder, At present, the mechanisms
summarized in Fig. 5 represent some of the main
views concerning these processes, with reference to
cellular and tubular reactions related to bicarbonate
reabsorption. In the upper diagram of the figure, the
reabsorption of bicarbonate as such is indicated, a
view supported, among others, by Maren [2]. As was
indicated before, this mechanism could generate H
ions in the tubular lumen by reabsorption of the
bicarbonate anion derived from dissociation of car-
bonic acid which in turn is formed in the lumen by
hydration of metabolic CO2 [4, 5].
In the two lower diagrams of Fig. 5, the
mechanisms for H ion secretion are represented sche-
matically. This process can be due to hydration of
CO2 forming carbonic acid in the cell, with
2 Malnic.
Metabolic CO2 alone
_L____.
HC03
20mM HC03 inS
20mM HC03+5%C02 inS
1.0 .tmo1es HC03 C1
1- 1
LNet = 0.9w
1.9 moles T
— — —
HCO3
Rate/hr M
Fig. 4. Schematic representation of components of net acid secretion
after serosal addition of HC03 and CO2. (From Steinmetz [14].)
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subsequent secretion of H ions into the tubular lu-
men, probably by means of an active pump at the
luminal membrane. Another alternative is the split-
ting of water by a redox pump at the level of the
luminal membrane, transferring H into the lumen
and OH- into the cell, where the latter must be
neutralized by CO2 or transferred into the peritubular
space.
The following equilibrium reaction describes the
more important relations between the components of
the CO2 bicarbonate buffer system at a pH below 8:
CO2 + H20 HZCO3 H + HC03.k1
The first step of this sequence, the hydration of
carbon dioxide or the dehydration of carbonic acid, is
the limiting step of the reaction. Physiologically, it is
catalyzed by carbonic anhydrase; however, the rate
coefficients of the uncatalyzed reaction, as it occurs in
vitro, are also of physiologic importance, since they
measure the reaction rate after the inhibition of the
enzyme by acetazolamide and related sulfonamide
drugs [2, 72]. The CO2 hydration rate constant has, at
37°C, a value of 0.145 sec', while the dehydration
rate constant of carbonic acid, k_1, has a value of 49
sec' [85]. The equilibrium constant of this step is
given by the ratio of these constants, and has a value
of 300 to 400, indicating that at equilibrium the con-
centration of CO2 is about 300 times higher than that
of H2C03. In the commonly used form of the Hender-
son-Hasselbalch equation,
pH = pK + log (HCO/(CO2 + H2CO3) (3)
where a pK of 6.1 is used, advantage is taken of the
fixed relation between CO2 and carbonic acid, as well
as of the low concentration of the latter in relation to
the gas CO2, in order to calculate the CO2 tension of
biological samples. On the other hand, the pK of
carbonic acid itself (excluding dissolved CO2 from the
denominator) is 3.57 [86]. When reaction (2) is not at
equilibrium, the Henderson-Hasselbalch equation
will not yield correct relations between pH, Pco2 and
HCO3. When, for instance, H ions are continuously
added to the reaction medium, carbonic acid will be
continuously formed, and will be decomposed into
CO2 and water. However, since this decomposition is
a much slower process than the formation of H2CO3
from its ions, in the uncatalyzed system the acid
concentration will increase. In the steady state, both
formation and decomposition of this acid must pro-
ceed at the same rate; the rate of carbonic acid dehy-
dration (VHo3) can increase only as a consequence
of an elevation of the concentration of the acid:
VH,CO, = k1 . (H2C03).
HC03 + II
(2)
H2 CO3
4
ca.
CO2 + HO
O,
Thus, if H ions are added to a medium, a higher
H2C03 concentration will be established than would
correspond to the 1: 300 equilibrium relation at the
prevailing Pco2. Therefore, the pH of the system
would be more acid than predicted by equation 3, the
difference between the actual pH and that calculated
by the Henderson—Hasselbalch equation constituting
an acid disequilibrium pH.
Similarly, removal of bicarbonate by active trans-
port from the medium would shift equation 2 from
left to right and reduce the concentration of H2C03
below the equilibrium level. The rate of formation of
H2C03 by CO2 hydration is given by the following:
VCO2 = k1 (C02). (5)
Such a situation will reduce the carbonic acid concen-
tration in the (CO2 + H2C03) term of the Henderson-
Hasselbalch equation, leading to an alkaline dis-
equilibrum pH.
Inspection of equation 3 shows that another form
of an apparent acid disequilibrium pH is also pos-
sible. If the diffusion of CO2 from a restricted region,
(4) such as the tubular lumen, to peritubular blood is
HC03
H + IICO3
f
H2 CO3
ca.
CO2
H+HCO3ttH2 CO3
f
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Oil— + C0
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Fig. 5. Schematic drawing of possible processes involved in bicarbo-
nate reabsorption and tubular acidification.
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impeded, the term (CO2 + H2C03) will also be higher
than in blood, leading to a lower in situ pH than that
expected by equation 3 on the basis of blood Pco2.
b. Methods of study. Renal tubular pH has been
measured by means of a variety of microelectrodes,
both within the tubular lumen and after collection of
samples of tubular fluid. The earliest pH electrodes
that were used for this purpose were quinhydrone
microelectrodes, filled with mercury [28] or with
C02-equilibrated mineral oil [29-33]. Collection-type
glass microelectrodes have been used by several au-
thors [34-37] especially for the determination of bi-
carbonate in tubular fluid samples. They consist of
thin pH-sensitive glass capillaries soldered into col-
lection micropipettes, the space between the capillary
and the micropipette wall being filled with a reference
solution, in contact with a Ag/AgCI electrode. Two
types of spear-type pH-sensitive microelectrodes have
been used in kidney micropuncture, and have made
possible the determination of luminal pH in situ.
Glass microelectrodes were introduced by Carter et al
[38] and Rector, Carter and Seldin [39]. These elec-
trodes were insulated by a ceramic glaze. Antimony
microelectrodes have been used for renal tubular
puncture by several authors [40-46]. The antimony,
covered by the glass micropipette in which it is drawn
out, surfaces only at its tip, eliminating insulation
problems. These microelectrodes are, however, sensi-
tive to a number of interfering substances and their
readings have been reported to be affected by oxidiz-
ing and reducing substances as well as by the nature
of the predominant buffer anion in the measured
medium. When the pH of bicarbonate-containing so-
lutions is measured against phosphate standards, val-
ues from 0.06 to 0.16 pH U below the theoretical or
glass electrode levels have been reported by several
authors [20, 42, 47, 48]. However, the use of buffers
of a composition similar to that of the measured fluid
was shown to keep such errors within satisfactory
limits [42, 49].
Bicarbonate concentrations have been measured
mostly by the application of the Henderson-Hassel-
balch equation, by determination of the pH of tubu-
lar fluid samples equilibrated at a known Pco2; sev-
eral equilibration chambers have been devised for
this purpose [35, 40, 44, 47.]. Recently, Khuri, Bog-
harian and Agulian [50] have described a
bicarbonate-sensitive ion-exchange microelectrode.
They used a double-barreled microelectrode with tip
diameter of less than 1 tm, one barrel being a 3M
KC1 reference electrode and the other being filled
with a water-insoluble ion-exchanger. With this sys-
tem the authors measured intracellular bicarbonate
concentrations in proximal tubular cells of Necturus
[51]. These electrodes have a 50:1 selectivity for bi-
carbonate with respect to chloride, and are sensitive
to OH- ions above pH 8, as well as to the Pco2 of the
medium. A method for the direct measurement of
total CO2, by means of the heat liberated by reaction
of CO2 with lithium hydroxide, the "picapnotherm",
is currently being applied by Warnock, Burg and
Vurek [52] to the measurement of CO2 in isolated
segments of the renal tubule of the rabbit.
Titratable acidity has been measured in renal tubu-
lar fluid by means of antimony microelectrodes, using
their property of liberating OH- ions when negative
current is passed through them. A similar method has
been applied to the determination of ammonium ions
based on liberation of H from NH4 after addition
of formaldehyde [43, 53, 54].
Micropuncture methods have been applied exten-
sively to the study of urinary acidification. Free-flow
techniques have involved the measurement of in situ
pH by spear-type microelectrodes, or of equilibrium
pH as measured outside the lumen after equilibration
in Vitro at the Pco2 of plasma [28, 31, 32, 37, 39, 40,
45]. Free-flow collections also have been employed to
measure bicarbonate concentrations along the neph-
ron, as well as fractional bicarbonate reabsorption in
different segments [29, 30, 35, 40, 44, 55, 56].
Microperfusion techniques have clarified several
aspects of tubular acidification [19, 57, 58]
(unpublished data). Stopped-flow microperfusion
with continuous recording of luminal pH after in-
troduction of an alkaline buffer solution into the
tubule permits a kinetic study of some characteristics
of this acidifying structure. A record obtained during
such an experiment is given in Fig. 6, where a rapid,
initial change in apparent bicarbonate concen-
trations, due to equilibration of the perfusate with
the animal's Pco2, is followed by a slower, expo-
nential decline of the concentration of this ion. The
latter appears to be related to reabsorption of bi-
carbonate; the mechanism of this process will be dis-
cussed below.
c. CO2 equilibration kinetics. 1. Measurement of
equilibrium and disequilibrium pH in the renal tubule.
The measurement of these variables is based on deter-
mination of the in situ pH measured with spear-type
pH-sensitive microelectrodes, and on an estimate of
the luminal Pco2. In general, the latter is considered
to be equal to blood Pco2. Furthermore, the pH of a
sample withdrawn from the same segment equili-
brated in Vitro with oil at a known Pco2 is meas-
ured. From the latter measurement, the bicarbo-
nate concentration of the tubular fluid sample is ob-
tained by the Henderson-Hasselbalch equation. For
the situation in the tubular lumen in ViVO, we have
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therefore two measurements accurate within their ex-
perimental errors, in situ pH and tubular fluid bi-
carbonate, and can evaluate the sum (CO2 + H2C03)
from equation 3. When an acid disequilibrium pH
is found, the in situ pH is lower than that calculated
from bicarbonate concentration and blood Pco2.
This can be due to two situations: In the first, we
could have a chemical disequilibrium in equation 2
and the carbonic acid concentration could be higher
than expected from the 1:300 ratio, but still at a Pco2
equal to that of blood. In the second, we could have a
chemical equilibrium, but the luminal Pco2 could be
higher than that in blood due to a diffusion delay of
CO2 across the tubular epithelium; in the latter situa-
tion, (CO2 + H2C03) would be higher than in blood
which, at the same bicarbonate concentration, would
lead to a lower tubular pH.
2. Experimental indications for CO2 diffusion limi-
tation. At present, there is still no unequivocal direct
evidence favoring one or the other of the two pro-
posed mechanisms for the establishment of the ob-
served acid disequilibrium pH. The papers that have
described this pH have ascribed it to the chemical
disequilibrium, assuming a transepithelial CO2 equi-
librium in the renal tubule [39, 40]. There are, how-
ever, some data that suggest that an increase of lu-
minal C02, owing to delay of its diffusion across the
epithelium, may occur. Some evidence obtained dur-
ing experiments designed to evaluate the acidification
kinetics in single nephron segments by the stopped-
flow microperfusion technique suggests that there ex-
ists a diffusion delay for CO2 transfer across the
tubular epithelium. As shown in Fig. 6, the first pe-
riod of tubular perfusions with air-equilibrated bi-
carbonate solutions permits the calculation of car-
bonic acid concentrations in the lumen from the
measured pH and bicarbonate concentrations extrap-
olated toward time zero from the slower exponential.
The points situated above this line do not represent
actual bicarbonate concentrations, but are higher ow-
ing to incomplete equilibration with the rat's Pco2
(the calculated values are based on the assumption of
equilibrium of the perfusate with blood Pco2). The
lower insert in Fig. 6 shows the approach of carbonic
acid concentrations, calculated in this way, to their
steady-state level, which is considered to be the
plasma level of this acid. The rate of this decay,
evaluated in the form of its half-time, might represent
the rate of CO2 entry into the tubule. On the other
hand, the appearance of carbonic acid could also be
limited by the hydration of CO2 after its diffusion
into the lumen. However, it was shown that the ex-
pected rate of hydration, even without carbonic an-
hydrase catalysis, is much faster than the observed
Fig. 6. Kinetic analysis of the acidification of bicarbonate. In the
upper drawing, an experimental record of pH variations obtained
during perfusion with 100 mvi NaHCO3/l00 mvi raffinose is
shown. P, start of perfusion; B, oil block. In the lower graph,
variations in apparent bicarbonate concentrations (open symbols)
and in carbonic acid concentrations (black dots) are given, as
calculated from the upper curve. (Data from Malnic eta! [19, 201.)
rate of equilibration [191; this suggests that the equili-
bration rate is not limited by the hydration of C02,
but by the diffusion of CO2 across the tubular wall.
When nonbicarbonate buffers diffuse into the
tubular lumen in significant amounts, their reaction
with the carbonic acid formed in the lumen will re-
tard the increase in its concentrations. Therefore, the
mean values of equilibration half-times probably rep-
resent an overestimate of such rates; in Table 2, both
mean values and the lower limit of such values were
used for the calculations [20]. These calculations rep-
resent an attempt to obtain rates of CO2 formation,
based on the assumption that bicarbonate will be
transformed into CO2 during its reabsorption, and to
compare them with the rates of diffusional loss of the
gas across the epithelium, obtaining thereby the
transepithelial CO2 gradient necessary to maintain a
steady-state situation. Thus, equations 6, 7, and 8
define rates of CO2 transfer across the tubular epithe-
hum (J0) and of tubular bicarbonate reabsorption
effected via H ion secretion (JHco-), which must be
P
pH
0
mM
[H2CO3 —
X iü3mM
t - = 5.2 sec
sec
10 20 30
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Table 2. CO2 equilibration kinetics in rat proximal tubulea
J02 = k02 (CO2) (6)
JHCOj = kH (HCO3 — HCO,) (7)
In steady-state, JCO2 = Jco and:
k11 (HCO3 — HCO,,)(CO2) =
k0, (8)
HCO
mM
HCO,.
mM
kH I½CO2
sec sec
k02
sec'
Pco2
mmHg
Diseq.pH
Control 25
25
8
8
4
4
4
4
0.093 0.5
0.093 1.0
0.093 0.5
0.093 1.0
1.39
0.69
1.39
0.69
47
94
9
18
0.34
0.52
0.08
0.16
Diamox 20
20
7
7
0.053 2.0
0.053 4.0
0.35
0.18
66
127
0.37
0.55
a Jo2: flow of CO2 from lumen to blood. JHCO. rate of luminal CO2 generation. k02, kH: rate coefficients for CO2 transfer and for
H ion secretion. Calculations are performed for different luminal HCO3 levels and for two estimates of k02. Modified from Malnic
et al [20J.
equal in the steady state. To obtain JHCO, the rate
coefficients kH for H ion secretion during phosphate
perfusions are used, since only bicarbonate reab-
sorbed via H ion secretion is transformed into CO2.
According to these calculations, a sizeable PCO2
gradient across the tubular wall can be expected in
the early portions of the proximal tubule in control
rats, and along the whole proximal segment in aceta-
zolamide-treated animals. Only a limited number of
attempts to measure directly the CO2 gradients in
renal tubules has, however, been reported. Uhlich,
Baldamus and Ullrich [37] measured the PCO2 in the
medullary structures of the rat kidney determining
the pH of samples of vasa recta blood and of collect-
ing duct urine anaerobically in capillary glass micro-
electrodes, evaluating the PCO2 by measuring pH af-
ter equilibration with different gas mixtures; they
obtained a Pco2 10 mm Hg higher in vasa recta than
in arterial blood, a value which increased after bi-
carbonate loading and acetazolamide (Diamox)
treatment. It should be kept in mind, however, that
gas tensions in the renal papilla might be also affected
by countercurrent exchange, which might trap CO2 in
the medulla; however, this mechanism could not ac-
count for the observed gradients of 20 to 30 mm Hg,
between collecting duct and vasa recta blood, found
by these authors; furthermore, these gradients were
obliterated by administration of carbonic anhydrase
[3, 37]. Karlmark and Danielson [43] tried to eval-
uate proximal tubular Pco2 by collecting fluid sam-
ples anaerobically and measuring their pH after suit-
able equilibration. They plotted the relation between
pH and sample Pco2 and estimated the luminal PC02
by interpolation using the pH obtained in situ. Early
proximal Pco2 values of 80 mm Hg were found, while
in later segments luminal PCO2 tended to equilibrium
with blood. The authors stress, however that their
method does not distinguish between a chemical dis-
equilibrium (increased H2C03) and a disequilibrium
Pco2. Caflish and Carter [59] have described a micro-
CO2 electrode of the Severinghaus type, but no data
on PCO2 levels in renal tubules obtained with this
microelectrode are yet available.
The occurrence of a diffusion delay for CO2 across
the tubular epithelium and its relation with carbonic
anhydrase is not altogether unexpected, since there
are numerous accounts in the literature reporting
facilitation by hemoglobin [60], albumin [61] and
carbonic anhydrase [62, 63] of CO2 diffusion across
thin fluid films contained in porous filters. The role of
carbonic anhydrase in CO2 diffusion and the inhi-
bition of this effect by acetazolamide suggests that at
least part of the transfer of CO2 between two gas
chambers across a fluid layer involves hydration and
dehydration of this molecule. Since it has been shown
that lipid monolayers in aqueous solutions constitute
important diffusion barriers for CO2 [87], it is con-
ceivable that the transfer of this gas through biologi-
cal membranes might also be facilitated by carbonic
anhydrase.
The available data, therefore, make it probable
that a disequilibrium PCO2 in the tubular lumen oc-
curs in certain segments of the nephron. The ob-
served delay in the diffusion of CO2 after carbonic
anhydrase inhibition in the renal tubule [19] lends
further support to this possibility. It is doubtful, how-
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ever, that a disequilibrium Pco2 alone could account
for the large disequilibrium pH values found after
carbonic anhydrase inhibition. Under these condi-
tions, an observed disequilibrium pH of 1 U would
require a luminal Pco2 of the order of 160 mm Hg.
Such a high luminal Pco2, generated by the reaction
of filtered HCO3- and secreted H, would require a
very low CO2 permeability of the tubular wall. The
suggestion made by Brodsky and Schilb [64] that the
luminal CO2 might be elevated from cellular CO2
production is of interest, but is unlikely to provide an
elevation of that magnitude. Estimates of cellular
Pco2 by Schwartz et al [9, 16] and a comparison of
different estimates [14] indicate that the Pco2 in the
epithelial cells of turtle bladder is only about 2 mm
Hg in the absence of exogenous CO2.
c. Analysis of the net rate of acidification in differ-
ent nephron segments. The net rate of acidification in
individual nephron segments has been studied during
free-flow experiments in rats submitted to different
experimental conditions, by determination of bi-
carbonate and inulin concentrations along the neph-
ron [40, 45, 56]. However, in order to evaluate the
capacity of the tubular epithelium to acidify tubular
fluid, a method independent of the physiologic seg-
mental load has to be utilized. Such a method is the
injection of a fixed buffer load into the tubular lumen
during stopped-flow microperfusion, as described
above. From such experiments, net rates of
acidification are obtained by the following relation
[191:
JH net = k11 X (B0 B0.)
in mmoles/liter X sec, where k is the acidification
rate coefficient and B0 and B0. are initial and steady
state concentrations of alkaline buffer (e.g., NaHCO3
or Na2HPO4). This rate can also be expressed per
cm2 of tubular surface [19, 57]:
net = kH X (B0 — B0.) >< r/2
where r is the tubular radius in centimeters.
Such rates have been measured during perfusion
with bicarbonate as well as with alkaline phosphate.
In the case of phosphate, these rates are related to H
ion secretion and not to the reabsorption of the alka-
line salt [58, 65] (unpublished data). Experimental
evidence has been adduced showing that acid phos-
phate is reabsorbed at a faster rate than the alkaline
salt in the proximal tubule, while in distal segments
no significant phosphate reabsorption has been de-
tected [41, 66, 65]. In spite of this fact, luminal acidi-
fication of phosphate buffer is a satisfactory measure
of H ion secretion, since it was shown that anionic
movement leading to acidification or alkalinization,
—k12S1 + k21S2.di
by predominant reabsorption of the acid or alkaline
salt, does not significantly affect the rate of pH
change of phosphate buffer in the renal tubule [65].
Using the described method, acidification rates for
a luminal buffer load of 100 m have been obtained
in proximal and distal tubule under a number of
experimental conditions. The kinetics of this acidifi-
cation have been interpreted in terms of a two-com-
partment system, one being the tubular lumen, S1
being its acid (e.g., acid phosphate) content, and the
other that of the cell (S2), assumed to remain constant
in a given experimental condition [57]. The rate of
change of luminal acid would be given by the follow-
ing:
(9)
This model corresponds to a pump-leak system,
where a constant pump (k21S2) is opposed by a vari-
able leak driven by the luminal acid level, thereby
leading to a single exponential decay as observed in
Fig. 6 for the part of the curve after CO2
equilibration.3 it seems appropriate for the proximal
tubule, since the rates of acidification or alkalin-
ization of droplets initially more basic or acid than
the steady state pH are approximately equal [20].
In the distal tubule, however, alkalinization is
much slower than acidification. In this case, a single
exponential would still be obtained in a "tight" struc-
ture with low k12 and a pump operating at a rate
inversely proportional to the gradient against which
(7\ it transports H ions, as proposed for the turtle blad-der [10].
Analyzing the data given in Table 3, it is noted that
there are two situations characterized by a decrease in
acidification rate (JH or J11c00) in both proximal and
distal tubules, but with distinctly different kinetic
features. In metabolic alkalosis, net acidification is
(8) decreased by a reduction of the maximal pH gradientthat can be established, without change in the rate
coefficient; on the other hand, after acetazolamide
infusion acidification is decreased due to a reduction
in both the gradient and the rate coefficient. In terms
of the kinetics applied to leaky structures, in meta-
O If the flux k12S1 is considered to be a measure of the leak of H
from lumen to blood, it could be used to estimate the permeability
to H ions of renal tubular epithelium, by dividing the flux by the
luminal H ion concentration that drives that flux. In this way.
pernieabilities of the order of 3 to 9 cm/sec have been obtained
[88]; these are several orders of magnitude higher than those for
Na. This might be explained on the basis of the particular charac-
teristics of movement of protons in solution, and especially in
channels of structured water, where their mobility, based on quan-
tum-mechanical tunneling, might reach the observed order of mag-
nitude.
Transport in urinary acidification 183
Table 3. Mean acidification parameters of cortical tubules of rat
kidney obtained in microperfusion experiments.0
Group pH.. kH JH kHco1 Jo
Proximal
Control 6.23 0.093 5.20 0.135 9.92
Nal-1C03, 5% 7.00 0.101 2.79 — —
Diamox 7.07 0.053 1.32 0.085 5.95
Metab. acid. 5.93 0.069 4.48 0.073 5.45
MA + Diamox 6.29 0.051 2.87 0.039 2.84
15% CO2 5.83 — — 0.199 14.7
Distal
Control 6.63 0.084 2.83 0.161 9.22
NaHCO3, 5% 7.41 0.089 1.04 — —
Diamox 7.03 0.031 0.69 0.033 1.83
Metab. acid. 6.03 0.038 1.99 0.046 2.81
MA + Diamox 6.16 0.034 1.69 0.031 1.89
15% CO2 6.26 — — 0.034 2.04
k1, acidification rate coefficients in sec1;a pH, steady-state pH;
J, rate of H secretion (measured during phosphate perfusions) or
of HCO3 reabsorption, in nmoles/cm2.sec. Data from [49, 58, 671.
bolic alkalosis the observed changes could be due to a
decrease in the activity of an H ion transport system
without change in the passive leak, as evaluated by
k12, while after acetazolamide both the H pump and
the leak must be reduced [58, 67] (unpublished data).
In metabolic acidosis acidification rates and rate
coefficients are decreased, but the established
gradient is increased, which could be due to greater
reduction in the leak than in the pumping rate. It is a
well known fact that during chronic administration
of acetazolamide this drug loses its capacity to cause
the elimination of an alkaline, bicarbonate-rich ur-
ine, due to the development of a metabolic acidosis
caused by the loss of bicarbonate [68, 69]. However,
in metabolic acidosis this drug still has an important
action on titratable acidity, especially when a load of
phosphate buffer is given. This phenomenon has been
ascribed to the maintenance of acetazol amide action
on H ion generation for titratable acidity formation,
and to a shift of bicarbonate reabsorption to its ionic
(HCO) transfer mechanism [69]. The data given in
Table 3 show that both bicarbonate reabsorption and
H ion secretion (acidification of phosphate buffer)
are depressed by acetazolamide in acidotic animals.
However, after acetazolamide the acidification of
phosphate buffer is more depressed in control than in
acidotic rats, suggesting that H ion secretion de-
pends less on carbonic anhydrase catalysis in acidotic
rats than in the normal animals. One of the factors
that may play an important role in the establishment
of the clinical picture found in chronic carbonic an-
hydrase inhibition may be the filtered buffer load
found under such conditions. Plasma bicarbonate is
low, leading to a considerably reduced absolute rate
of bicarbonate reabsorption. This reduction in reab-
sorption found in acidotic animals may not be due
only to the low filtered load, but also to a decreased
capacity to reabsorb bicarbonate (secrete H), as
shown by the microperfusion studies of Table 3, and
also by free-flow observations of Levine and Nash
[70], who found that proximal bicarbonate reabsorp-
tion in acidotic rats remains subnormal after an acute
load of this ion, reestablishing a normal filtered load.
Thus, in acidosis the epithelial acidifying capacity
may be sufficient to reabsorb the markedly
diminished bicarbonate load; an acidification deficit
caused by acetazolamide may become apparent, how-
ever, when the renal tubules are submitted to a size-
able load of titratable bufferlike phosphate.
d. H1 ion secretion versus HCO reabsorption.
Renal tubular acidification can, in theory, proceed
either by reabsorption of alkaline buffer salts like bi-
carbonate or alkaline phosphate, or by secretion of acid
by the tubular epithelium. Pitts and Alexander had
already shown in 1946 [11 that in phosphate-loaded
dogs, more acid phosphate was excreted than filtered,
indicating that alkaline salt reabsorption alone could
not account for the observed urinary acidification;
these findings represented early evidence favoring H
ion secretion by the renal epithelium. However, they
did not eliminate the possibility that a portion of
urinary acidification might be relatd to anion trans-
port. This argument is especially pertinent to bi-
carbonate reabsorption, which, as was indicated in
the introduction to this paper, might be transferred
from the lumen to blood either by H ion secretion or
by transport of the ion as such. The finding of an acid
disequilibrium pH by the use of glass microelectrodes
[39] as well as antimony microelectrodes [40] has
been extensively discussed in previous reviews [3, 57],
and constitutes evidence favoring the view that H
ion secretion mediates bicarbonate reabsorption.
This disequilibrium pH may be due to either an in-
creased carbonic acid concentration or to a higher
CO2 in lumen than in blood. Disequilibrium concen-
trations of either H2C03 or CO2 constitute evidence
for H ion secretion since elevated luminal concen-
trations of these species derive from reaction of the
filtered bicarbonate with secreted H ions. In view of
the low cellular Pco2 estimated by Schwartz et a! [9]
in turtle bladder studied in a CO2-free medium, the
possibility that an elevated luminal Pco2 is due to
equilibration with high cell PCO2 is unlikely. A dis-
equilibrium pH was found in distal tubule of control
rats, and in all studied segments after carbonic anhy-
drase inhibition [39, 40]. Again, this finding does not
eliminate the possibility of anionic bicarbonate reab-
sorption of a fraction of the filtered load.
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The case for bicarbonate transport as such in the
mammalian kidney rests mostly on studies by Maren
[2] and others showing that carbonic anhydrase in-
hibitors reduce bicarbonate reabsorption to about
60% of the control level, and that uncatalyzed H ion
generation, as evaluated on the basis of the in vitro
kinetics of the reactions of CO2 with water or 0H
[2, 75—73], could not account for the reabsorption of
the remaining bicarbonate fraction. This estimate of
the uncatalyzed rate of H ion generation, however,
is based on a number of assumptions that are difficult
to establish experimentally: e.g., the actual CO2 levels
in lumen and cell, the OH- concentration in the cell,
the volume ratio between lumen and the H ion-
generating or OH--neutralizing sites within the tubular
epithelium, as well as the appropriate nature and
magnitude of the rate coefficients employed [73]. It
has been proposed, furthermore, that the peritubular
space, including blood, might function as a sink for
OH- ions formed in the cell, since tubular acidification
is very sensitive to peritubular pH changes [49, 57];
this would markedly increase the volume for distribu-
tion and neutralization of this ion. For a more de-
tailed description of the involved calculations, refer
to references 2, 19, 57, 73. On the other hand, there
are indications that bicarbonate reabsorption as such
may exist independently of H ion secretion in elas-
mobranch sea-water fish (Squalus, Raja), whose kid-
neys do not contain carbonic anhydrase [74, 75].
A more direct experimental evaluation of the par-
ticipation of the described mechanisms in renal tubu-
lar acidification appears desirable. Table 4 shows an
attempt to use the kinetic data obtained in stationary
microperfusion experiments to subdivide the total
acidification rate into its possible components [58,
67] (unpublished data). The total rate of bicarbonate
reabsorption (fraction I) is obtained from acidifica-
tion rates during perfusions with bicarbonate. Other
experimental values used are the rate of bicarbonate
reabsorption after carbonic anhydrase inhibition
(fraction 2), and the rate of phosphate acidification
after inhibition of carbonic anhydrase, the latter
providing an estimate of the uncatalyzed rate of H
ion secretion (V0, fraction 3). Bicarbonate reab-
sorption due to carbonic anhydrase-catalyzed H ion
generation (Vcat, fraction 4) is obtained by sub-
tracting the reabsorption rate after Diamox from the
total rate. It is noted that in control rats a fraction of
bicarbonate reabsorption (fraction 5) called "re-
mainder" is not explained by catalyzed or uncatalyzed
H ion generation. This fraction is the difference be-
tween the uncatalyzed rates of bicarbonate reabsorp-
tion and H ion secretion, and is of the order of 46%
in proximal and of 12.5% in distal tubule. It is corn-
Table 4. Components of renal tubular acidification in cortical
tubules of rat kidney as calculated from
stopped-flow microperfusion dataM
Proximal Distal
Control rats
I. Total HCO3 reabs.
2. After Diamox
3. V(D+P)
4. V (I — 2)
5. Remainder (2 — 3)
6. Total H (3 + 4)
13.3 (100%)
7.9 (59.3)
1.75 (13.1)
5.4 (40.6)
6.15 (46.2)
7.15 (53.8)
14.8 (100%)
2.94 (20.0)
1.10 (7.5)
11.8 (80.0)
1.84 (12.5)
12.9 (87.5)
Metabolic acidosis
I. Total HCO, reabs.
2. After Diamox
3. (D + P)
4. Vca (1 2)
5. Remainder(2 — 3)
6. Total H (3 + 4)
7.26 (100%)
3.82 (52.5)
3.83 (52.8)
3.44 (47.5)
0 (0)
7.27 (100)
4.53 (100%)
3.00 (66.3)
2.70 (59.7)
1.53 (33.7)
0.30 (6.6)
4.23 (93.4)
a Ionic flows in mmoles/liter sec. Numbers in parentheses are
percentages.
I to 6, components of bicarbonate reabsorption. (D + P),
uncatalyzed rate of H ion secretion obtained during Diamox infu-
sion and microperfusion with phosphate. Veat, catalyzed rate of
H ion secretion. Remainder: uncatalyzed HCO3 reabsorption
minus uncatalyzed H ion secretion. Total H: total H ion secretion
by tubular epithelium.
patible either with the existence of bicarbonate trans-
port as such, as proposed by Maren [2], or with a
mechanism to which Rector [3] called attention,
namely recirculation of carbonic acid via nonionic
diffusion from lumen, where it reaches high concen-
tractions, back to the cell, where it could neutralize
OH ions directly, without the necessity for carbonic
anhydrase catalysis. On the basis of the described
experimental data it is not possible to distinguish
between these mechanisms. Both have the peculiarity
of being independent of carbonic anhydrase catalysis.
Favoring the theory of carbonic acid recirculation
are data indicating that even after the administration
of drugs like acetazolamide, acidification appears to
proceed largely by H ion secretion. Such are the find-
ings of sizeable acid disequilibrium pH values after
acetazolamide or benzolamide administration [39, 40].
At the present time, the importance of ionic bi-
carbonate transport in mammals is difficult to estab-
lish with certainty. However, as discussed above,
there are indications that in normal animals about
one-half the acidification rate in proximal tubule may
proceed by mechanisms independent of carbonic an-
hydrase catalysis. In animals undergoing metabolic
acidosis, on the other hand, the rate of uncatalyzed
H ion generation appears to be considerably in-
creased, as shown in Table 4. At the same time,
the total capacity for bicarbonate reabsorption as
well as for phosphate acidification is reduced. As
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a consequence, the term entitled "remainder",
corresponding to acidification that cannot be ac-
counted for by the sum of catalyzed and uncatalyzed
H ion generation, practically vanishes both in prox-
imal and in distal tubule. In this situation, therefore,
H ion secretion can account for the entirety of the
renal acidifying process. This finding, however, does
not eliminate the possibility that a fraction of the
filtered bicarbonate load might still be reabsorbed by
a carbonic anhydrase-independent process. On the
other hand, the possibility of a HCO3/Cl exchange
or of HCO3 secretion as shown for turtle bladder by
Leslie, Schwartz and Steinmetz [13] has not yet been
investigated in the mammalian renal tubule.
e. Control of the net rate of acid?fication. 1. Dis-
position of OH-. The neutralization of the OH
ions formed at the water-splitting membrane is a
basic requisite for the continuing transfer of H ions
into the tubular lumen. Thus, the inhibition of car-
bonic anhydrase by sulfonamide drugs will limit
tubular acidification to uncatalyzed forms of H ion
generation or to bicarbonate transport as such as
discussed above. Furthermore, there are indications
that the transfer of alkaline buffer ions like HCO3 or
0H across the peritubular cell membrane is im-
paired under these conditions. Frömter has shown by
electrophysiologic methods that the permeability of
the peritubular cell membrane to bicarbonate is re-
duced by Diamox [76], and Garcia and Malnic have
found that the alkalinization of peritubular capil-
laries perfused with mammalian Ringer's is also
markedly decreased by this drug [77]. A role of the
peritubular space in furnishing additional Hions to
the cell or in representing a sink for cell-generated
OH-ions has also been proposed [49].
2. Ambient pH, HCO3 and CO2. In the classical
experiments of bicarbonate loading, a tubular max-
imum (Tm) for the reabsorption of this ion had been
noted [78]. More recently it was observed that this
apparent Tm was seen only when the loading was
accompanied by extracellular volume expansion.
When this expansion was minimized, bicarbonate
reabsorption increased almost linearly up to the high-
est levels of filtered load achieved in such experiments
[79, 80, 81]. These experiments suggested that the
previously observed Tm was not due to a saturation
of the acidification mechanisms, but was probably an
effect of the expansion itself on this mechanism. Later
studies extended these observations to the effect of
alterations in blood Pco2 on bicarbonate
reabsorption. Early studies were interpreted as an
indication of a direct effect of CO2 on H ion secretion
[82, 83]. However, newer investigations have in-
dicated that, besides influencing tubular H ion se-
cretion, altered Pco2 levels might act on the
acidifying mechanism via changes in effective extra-
cellular fluid volume (ECV), a high Pco2 causing
vasodilatation and, therefore, an apparent reduction
of this volume, while a low Pco2 had an opposite
effect on ECV, thereby impairing bicarbonate reab-
sorption [80, 84].
Microperfusion experiments in which isolated in
situ nephron segments were submitted to varying buf-
fer loads and to different peritubular environments
independently of systemic changes in extracellular
volume and composition have brought some infor-
mation on the effects of tubular buffer load and per-
itubular pH and Pco2 on the rate of acidification [19,
49].
Experiments such as those shown in Fig. 6, but in
which the perfusate was preequilibrated with a CO2
concentration similar to that of the experimental ani-
mal, have indicated that acidification rate is directly
proportional to the luminal buffer concentration up
to the initially injected load of 100 mM. This
proportionality is evidenced by the exponential
decay of bicarbonate and alkaline phosphate
concentrations with time, suggesting that within
this range of concentrations no saturation phe-
nomenon is apparent. In Fig. 7, initial rates of bi-
carbonate reabsorption (J5) are given for luminal
perfusions with 25, 100 and 150 m bicarbonate solu-
tions; these indicate that a tendency to saturation
may become apparent above a luminal level of 100
m. The general form of the saturation curve for
bicarbonate reabsorption as given in this figure is
similar for control and Diamox-infused rats. The H
0
0 25 50 100 150
mM [HCO3]
Fig. 7. Relation between initial luminal bicarbonate concentrations
and maximal bicarbonate reabsorptive rates (J0) in rat proximal
tubule, in control and Diamox-infused rats. (Data from Malnic and
Mello Aires (191.
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ion or HCO3 fluxes corresponding to luminal concen-
trations of 100 m buffer and above are an
approximation of unidirectional flow of H into the
lumen or of HCO in the opposite direction, since
the backflux can be considered negligible because of
the high luminal HCO and low H concentrations
existing at time zero. In any case, such concentrations
are not reached in whole-animal studies, which indi-
cates that by loading an animal by intravenous bicar-
bonate infusion, saturation of the bicarbonate
reabsorptive mechanism is not to be expected. A
similar relation between buffer load and acidifica-
tion rate has been described for the distal tubule
and collecting duct in free-flow experiments [45, 57],
for the distal tubule in microperfusion experiments
[49] and for the turtle bladder in vitro [14] (see
Studies of urinary acidification in vitro, section c).
Such a behavior of the acidifying mechanisms is ex-
pected in a pump-leak system as well as in a variable
pump system.
The importance of ambient pH and Pco2 for the
acidifying process can also be evaluated, inde-
pendently of systemic alterations, in microper-
fusion experiments with simultaneous tubular and
capillary perfusions with artificial solutions [49].
The net rate of acidification, ØH+, and acidifica-
tion half-times, measured under different pen-
tubular conditions are shown in Fig. 8. The lines
of the graphs on the left side of the figure connect
points at equal Pco2; those on the right-hand graphs,
points at a pH of 7.4. When capillary pH is elevated
at constant Pco2 (air-equilibrated solutions) from 7.4
to 8.5, a pronounced fall in segmental acidification
rates is found. This fall is not due to an alteration of
the acidification rate coefficients (see lower part of
Fig. 8), but to a marked increase in the steady-state
luminal pH. On the other hand, at a Pco2 of 40 mm
Hg a reduction of capillary pH leads to some reduc-
tion in the acidification rate, due largely to a reduc-
tion in the rate coefficient. The right drawing of the
figure makes it possible to evaluate the effect of per-
fusions at different Pco2 at constant pH of 7.4. It is
noted that a lowering of the Pco2 below physiologic
levels does not lead to marked alterations in the
acidification rate when capillary pH is maintained,
while an elevation of the Pco2 to 110 mm Fig leads to
a moderate but significant increase in this rate. The
latter is due mostly to a decrease in the acidification
half-time, the steady-state luminal pH being prac-
tically unaltered. These data suggest that CO2 by
itself is able to stimulate H ion secretion in the
proximal tubule. On the other hand, a reduction in
acidification in respiratory alkalosis might be due
more to alkalinization per se than to the reduction in
Pco2, since peritubular phosphate Ringer's at low
Pco2 and a pH of 7.4 is able to maintain epithelial
acidification. This latter result is comparable to the
observation in vitro (see Studies of urinary
acidification in vitro, section a) in the turtle bladder
which maintains a high rate of acidification at low
Pco2. In contrast to the control system in turtle blad-
der, however, secretion in the proximal tubule ap-
pears to be regulated more by the peritubular pH per
se. It will be of great interest to explore the individual
roles of pH, Pco2 and HCO3 in more distal segments
of the tubule and the collecting duct.
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Pco2 on net tubular acidification rates (upper diagrams) and on
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